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Doubled haploid (DH) technology substantially accelerates crop breeding process. Wheat haploid production through interspecific hybridization requires embryo rescue and is dependent on genetic background. *In vivo* haploid induction (HI) in maize has been widely used and demonstrated to be independent of genetic background and to produce haploids efficiently. Recent studies revealed that loss‐of‐function of the gene *MTL*/*ZmPLA1*/*NLD* triggers HI (Gilles *et al*., [2017](#pbi13218-bib-0002){ref-type="ref"}; Kelliher *et al*., [2017](#pbi13218-bib-0003){ref-type="ref"}; Liu *et al*., [2017](#pbi13218-bib-0006){ref-type="ref"}). In addition to producing homozygous DH lines, HI system has also been used for gene editing in different genetic backgrounds without introducing the genome of the male parent (Kelliher *et al*., [2019](#pbi13218-bib-0004){ref-type="ref"}; Wang *et al*., [2019](#pbi13218-bib-0008){ref-type="ref"}).

Importantly, HI system had been successfully applied to rice (Yao *et al*., [2018](#pbi13218-bib-0009){ref-type="ref"}), making this method more promising. However, little is known whether it can be applied to polyploids. Extension of the maize HI to wheat would create a novel approach in producing haploids in both wheat and other polyploid crop species. In this study, full‐length amino acid sequence encoded by *MTL/ZmPLA1/NLD* was used to do BLAST search for homologues genes in different crop species (<http://www.gramene.com>). Results showed that the gene is highly conserved among 19 species of Liliopsida. Wheat homologues genes sharing \~70%‐80% amino acid sequence identity with maize. Wheat genome contains three homologues genes: TraesCS4A02G018100 (*TaPLA*‐A), TraesCS4B02G286000 (*TaPLA*‐B) and TraesCS4D02G284700 (*TaPLA*‐D), located on chromosomes 4A, 4B and 4D, respectively. All three includes four exons (Figure [1](#pbi13218-fig-0001){ref-type="fig"}a). The DNA sequence identity between each of the three homologues genes and *MTL*/*ZmPLA1*/*NLD* is 75%, representing a high level of sequence conservation. The amino acid sequence identity among the three *TaPLA* genes is 96%.

![Knockout of wheat homologues genes of *MTL*/*ZmPLA1*/*NLD* triggers HI. (a) Gene structure of *Ta* *PLA*‐A, *Ta* *PLA*‐B and *T* *a* *PLA*‐D and knockout experiment. Exons in red are target regions of guide RNAs. Shown below are guide RNA (green) and sequence of transgenic lines Da14‐1, Da14‐2, ND52‐2 and ND52‐6 at *TaPLA*‐A and *TaPLA*‐D (black), respectively. Deletions are shown by '‐' on grey background. (b) Spike performance of wild type (left) and knockout (right) plants. Statistical analysis for SSR of wild type and four transgenic lines is shown on the right side. \*^\*^ *P *\<* *0.01 calculated with the heteroscedastic two‐tailed Student\'s *t*‐test. Sample size is marked on the top of each column. (c) Phenotypic difference between haploid (H) and hexaploid (HE) wheat, including whole plant, leaf, ear and anther. Bars = 5 cm, 1 cm, 1 cm and 1 mm for whole plant, flag leaf, ear and anther, respectively. (d) Ploidy verification with flow cytometry analysis. (e) HI potential of transgenic lines and control in self‐pollination progeny. Genotype *Ta* *PLA*‐A and genotype *T* *aPLA*‐D: H, heterozygous, means one copy from two TaPLA alleles had been edited; M, homozygous mutant, means both copies of TaPLA had been edited, either the same mutation or different; and W, wild type, means neither of two copies of TaPLA had been edited. The control group comprised self‐pollinated plants from wild type CB037. (f) HI potential in cross progeny. M, male parent; F, female parent; CS, Chinese Spring; LC, Liaochun10. (g) Subcellular localization of *TaPLAs* in tobacco epidermal cells. Confocal scanning (GFP; outside left), ER‐mCherry signal (inside left), differential interference contrast (DIC; inside right), and merged (outside right) micrographs of tobacco epidermal cells transformed with a 35S::TaPLA‐AEGFP, 35S::TaPLA‐B‐EGFP, 35S::TaPLA‐D‐EGFP and 35S::EGFP control. Scale bars = 30 μm. (h) Pollen viability assays with FDA staining. Comparison of pollen viability between wild type and mutants in CB037 background (scale bar, 100 μm) (left). Pollen with a strong (white triangle) and weak (yellow triangle) or no (red triangle) GFP represented for high‐viability pollen (HVP), low‐viability pollen (LVP) and dead pollen (DP), respectively. Ratio of the three viability classes in wild type and mutant pollen (right). Statistics were conducted with three biological replicates. A heteroscedastic two‐tailed Student\'s *t*‐test was performed for each class between wild type and mutant. NS, not significant (*P *≥* *0.05).](PBI-18-316-g001){#pbi13218-fig-0001}

Next, we designed two guide RNA sequences, one targeted *TaPLA*‐B and *TaPLA*‐D (gRNA1), and another targeted *TaPLA*‐A and *TaPLA*‐D (gRNA2) to create knockout lines using CRISPR/Cas9 (Figure [1](#pbi13218-fig-0001){ref-type="fig"}a). After *Agrobacterium tumefaciens*‐mediated transformation into CB037, four transgenic events were obtained with mutations on both *TaPLA*‐A and *TaPLA*‐D. None of them had a mutation on *TaPLA*‐B. Sequencing results of four transgenic events are shown in Figure [1](#pbi13218-fig-0001){ref-type="fig"}a. Although different in sequence, all these mutations led to frameshifts and loss of function for both *TaPLA*‐A and *TaPLA*‐D (Figure [1](#pbi13218-fig-0001){ref-type="fig"}a).

These T~0~ transgenic and control plants were grown in greenhouse. No obvious phenotypic difference was found between wild‐type and transgenic plants, except for the seed setting rate (SSR), which ranged from \~30% to \~60% in transgenic lines, significantly lower than the average value of 92.6% in wild type (Figure [1](#pbi13218-fig-0001){ref-type="fig"}b), implying that *TaPLAs* may be involved in sexual reproduction. Importantly, putative haploid plants were found in self‐pollinated progenies of all four transgenic lines according to their growth characteristics. Average HI rate (HIR) ranged from 5.88% to 15.66% (Figure [1](#pbi13218-fig-0001){ref-type="fig"}e). In the progeny of T~1~ × Chinese Spring and T~1~ × Liaochun10, 3 and 2 putative haploids were found in 29 and 19 individuals, respectively (Figure [1](#pbi13218-fig-0001){ref-type="fig"}f). To verify real ploidy level of putative haploids, flow cytometry was used. Results showed that compared with hexaploid controls which had FL~2~A peaks approximately 100, all putative haploids had FL~2~A peaks approximately 50 (Figure [1](#pbi13218-fig-0001){ref-type="fig"}d), suggesting that putative haploids identified by phenotypic characteristics were true haploids. These haploids had shorter plant height, narrower leaves, shorter spikes and male sterility (Figure [1](#pbi13218-fig-0001){ref-type="fig"}c). No haploid plant was identified in a control group with 267 progenies from wild type individuals (Figure [1](#pbi13218-fig-0001){ref-type="fig"}e). Therefore, we concluded that knockout of wheat homologues genes of *MTL*/*ZmPLA1*/*NLD* could trigger wheat haploid induction. The HIR reported here was higher than that in previous preprint version, this was because more haploids were identified later. Since the inducer lines (T~0~) still contained active Cas9, there was the possibility that floral organ genotype might be different from leaf and had homozygous mutations. In addition to haploids, 7 aneuploids were found among crossed progeny, including 1 plant with ploidy level between haploid and hexaploid and 6 plants with ploidy level higher than hexaploid. This phenomenon may provide some clues on mechanism of wheat HI.

To characterize the expression pattern of the *TaPLA* *s*, subcellular localization was performed using tobacco epidermal cells. As shown in Figure [1](#pbi13218-fig-0001){ref-type="fig"}g, all three genes showed strong signals in plasma membrane and merged well with the endoplasmic reticulum marker. This result is consistent with *NLD* in maize (Gilles *et al*., [2017](#pbi13218-bib-0002){ref-type="ref"}). Chromosome elimination and single fertilization were two leading hypotheses in explaining HI in maize (Kelliher *et al*., [2019](#pbi13218-bib-0004){ref-type="ref"}; Tian *et al*., [2018](#pbi13218-bib-0007){ref-type="ref"}). While other issues like low pollen viability which may also contribute to haploid induction, had not been fully ruled out. Here, we performed fluorescein diacetate (FDA) staining to examine pollen viability in wild type and mutants. There was no difference in the proportion of pollen viability classes between mutants and wild type (Figure [1](#pbi13218-fig-0001){ref-type="fig"}h). Therefore, loss of function of both *TaPLA*‐A and *TaPLA*‐D does not influence pollen viability.

Several technical problems require further investigation before HI can be applied efficiently in wheat, including how to further improve wheat HI efficiency and the difficulties in haploid kernel identification. Considering the potential redundancy among *TaPLA*‐A, *TaPLA*‐B and *TaPLA*‐D, wild type *TaPLA*‐B may functionally complement *tapla*‐A and *tapla*‐D double mutant. Nevertheless, the complement effect is not enough to rescue the phenotype of HI and reduced SSR. On the other hand, further improvement of HI efficiency in wheat may be achieved by creating triple mutants. In addition, the gene *ZmDMP* contributing to HIR has been identified (Liu *et al*., [2015](#pbi13218-bib-0005){ref-type="ref"}; Zhong *et al*., [2019](#pbi13218-bib-0010){ref-type="ref"}), and the efficiency of wheat HI may be further improved by knockout *ZmDMP* homologues genes in wheat. On the other hand, recent studies have simplified the identification of haploids using enhanced green fluorescent proteins and DsRed signals specifically expressed in the embryo and endosperm, respectively (Dong *et al*., [2018](#pbi13218-bib-0001){ref-type="ref"}). This method may provide a potential solution for haploid kernel identification in wheat.

In summary, our study provided the proof that HI is not limited to diploid crop species but can be extended to polyploid species. Meanwhile, this study also provided a promising platform for wheat haploid gene editing and mechanism studies of HI. Considering the conservation of gene sequence and function, the system could potentially be extended to a wider variety of crop species.
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